Homocysteine (Hcy), a sulfur-containing amino acid, is a representative intermediate metabolite of methionine (Met) to cysteine (Cys) via several intermediates. An elevated level of Hcy in plasma plays an important role in diseases such as neural tube defects and Down syndrome. Homocystinuria is the most common inborn error of sulfur metabolism and is caused by mutations in the metabolic enzymes of Hcy. These errors can be caused by abnormal levels of Met metabolites and classified on the basis of plasma Met levels.
Introduction
Homocysteine (Hcy), one of the sulfur-containing amino acids, is a representative intermediate metabolite of methionine (Met) in the cysteine (Cys) biosynthetic pathway, as shown in Figure 1 .
Hcy is remethylated to Met by Met synthase or betaine-Hcy methyltransferase (transmethylation), and Met is transmethylated to Hcy via several steps. The first step in the transmethylation of Met to Hcy is the activation of Met to S-adenosylmethionine (SAM) by Met adenosyltransferase. SAM is converted to S-adenosylhomocysteine (SAH); then, SAH is hydrolyzed to Hcy by SAH hydrolase. Hcy is converted to cystathionine (Cysta) by cystathionine β-synthase (CBS) (transsulfuration); then, Cysta is hydrolyzed to Cys by cystathionine-γ-liase [1] . Cys is a fundamental substrate for glutathione (GSH) biosynthesis. In the first step of this biosynthesis, Cys and glutamate generate the dipeptide γ-glutamylcysteine (GluCys). This step is believed to be rate limiting, and enzyme activity is regulated by feedback inhibition with GSH. Next, the addition of glycine to GluCys results in the formation of GSH, catalyzed by glutathione synthase, and finally, the degradation of GSH generates cysteinylglycine (CysGly) [2, 3] . Most Hcy in human plasma is present as the bound form of Hcy, in which Hcy binds with plasma proteins through an ─S─S─ bond, while free Hcy is present in the oxidized or reduced form. Oxidized forms of Hcy include homocysteine (HcyHcy) and Hcy-Cys disulfide. The bound form of Hcy and the oxidized form are called S-linked Hcy. The bound form of Hcy constitutes 70-90% of the total Hcy (~10-15 μmol/L) in the body, 10-30% is present as oxidized Hcy, and less than 1% is present as reduced Hcy [4] . The ratio of Cys to Hcy in human plasma may be similar.
Hcy is metabolized to Hcy-thiolactone by methionyl-tRNA synthetase in an error-editing reaction during protein biosynthesis when Hcy is mistakenly replaced with Met. An increase in the Hcy level leads to elevated thiolactone levels in human cells and serum. Hcythiolactone reacts with proteins by N-linking to the ε-amino group of protein lysine residues (homocysteinylation), resulting in protein damage [5] . The measurement of Nε-Hcy-Lys generated by the proteolytic degradation of N-Hcy-protein provides an indicator of homocysteinylation [6] .
Hcy is important for the clinical diagnosis of a variety of metabolic disorders related to human diseases. For example, an elevated Hcy plasma concentration is believed to be related to cardiovascular disease [7] . Consequently, the determination of Hcy in plasma has been used to diagnose this disease and to evaluate new diagnostic tools for atherosclerosis [8, 9] . Additionally, high plasma levels of Hcy play an important role in neural tube defects [10] and Down syndrome [11] . Homocystinuria is the most common inborn error of sulfur metabolism and is caused by homozygous mutations in the methylenetetrahydrofolate reductase (MTHFR) gene and heterozygous mutations in CBS [12] . These errors can be classified on the basis of plasma Met levels, which tend to be elevated in the case of CBS deficiency and lowered in the case of MTHFR deficiency.
DNA methylation is regulated by the Met cycle using SAM as a methyl group donor in the presence of methyltransferase. Under normal physiological conditions, SAM is hydrolyzed to adenosine and Hcy by SAH hydrolase. However, this reaction is readily reversible due to equilibrium dynamics that strongly favors SAH synthesis over hydrolysis. SAM and SAH therefore regulate the normal level of methylation in DNA, and deregulation of the methionine cycle has serious cellular consequences, resulting in disease. The ratio of SAM/SAH, called the "methylation index," may be a useful indicator of the methylation capacity of the cell [13] .
Hcy toxicity appears to be the auto-oxidation of Hcy, which reduces the disulfide to a free thiol, followed by metal-independent oxidation of the free thiol to generate reactive oxygen species such as superoxide and hydrogen peroxide [14] . Therewith, other thiol compounds like Cys having a chemical structure similar to Hcy are also recognized to be risk factors of cardiovascular disease [15, 16] . In contrast, GSH is a major antioxidant and detoxifier and has many essential metabolic functions in human. GSH exists in both reduced and oxidized (GSSG) forms. CysGly is a prooxidant that reduces ferric iron to ferrous iron [17] .
High-performance liquid chromatography (HPLC) is the most commonly used chromatographic technique for quantifying Hcy and related compounds. In contrast to gas chromatography, HPLC enables the analysis of polar and thermally labile compounds. Furthermore, HPLC can be coupled with a variety of detection methods, including ultraviolet/visible (UV/ Vis), fluorescence (FL), chemiluminescence (CL), mass (or tandem mass/mass) spectrometry (MS or MS/MS), and electrochemical detection (ECD). The researcher selects the most suitable detection tools according to the aims of the analysis [20] .
Several eminent reviews have been published over the past decade regarding these detection tools, e.g., HPLC-UV/Vis detection [21] , HPLC-FL detection [22] , HPLC-luminescence detection [23], HPLC and/or capillary electrophoresis [2, 3] , electrochemical assays [24] , and chromatographic methods in the study of autism [20] , together with their application to the quantification of Hcy and/or related compounds and descriptions of the importance of measuring these compounds. In this chapter, we review HPLC methods and their applications in recent publications (from 2008 to 2017).
HPLC analysis of homocysteine and related compounds
As described above, Hcy and related compounds are found in the form of free thiols, disulfides, and protein-bound complexes and participate in metabolism, antioxidant defense, and drug detoxification. Alterations in the concentrations and ratios of free thiols and disulfides provide biomarkers of metabolism and of the redox status in biochemical, physiological, pharmacological, and toxicological studies. Therefore, analytical methods for the determination of Hcy and/or these other compounds in biological samples are extremely important. In this section we describe HPLC methods combined with various detection methods.
Pretreatment of the sample is often required for successful chromatographic analysis of Hcy and related compounds. Biological fluids such as blood (plasma or serum) and urine must be processed prior to HPLC analysis in order to (1) liberate Hcy (including the reduced disulfide),
(2) provide desirable characteristics for detection, and (3) remove any interfering compounds. Sample pretreatment consists of reduction, derivatization, and/or cleanup steps. (1) The total Hcy concentration in a biological sample is important in clinical practice. Hcy can be in the reduced and in S-linked forms, such as a disulfide and Hcy bound with plasma proteins. These S-linked forms are converted to the reduced form and analyzed as the total Hcy. The disulfide can be reduced using sodium borohydride [25, 26] , tributylphosphine (TBP) [27, 28], tris(2-carboxyethyl)phosphine (TCEP) [6, [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] , dithiothreitol (DTT) [41] [42] [43] [44] , 1,4-dithioerythritol (DTE) [45] [46] [47] , and mercaptoethanol [48] . Bai et al. developed a unique online reduction quartz column packed with a Zn(II)-TCEP complex [33, 49] . The column efficiently converted disulfides (except GSSH) to the reduced form as effectively as a TCEP solution. N-linked Hcy can be liberated from protein and converted to Hcy-thiolactone using harsh conditions (6 mol/L HCl at 120°C for 1 h) after removing Hcy and S-linked Hcy by reduction with DTT [36, 44] . (2) The structures of Hcy and related compounds have low absorbance and are non-fluorescent. Derivatization is therefore essential for the UV/Vis and fluorescence detection of small amounts of these compounds in biological samples. Many derivatization reagents have been developed and applied to various biological samples. Furthermore, derivatization reagents have been recently developed allowing sensitive MS or MS/MS detection for Hcy and related compounds, as described in detail below.
(3) Following their reduction, Hcy and related compounds are deproteinized, then derivatized, and chromatographically separated. Cleanup is achieved using ultrafiltration [31], acid precipitation with trichloroacetic acid [28, 37, 41, 50] or perchloric acid [29, 34, 45] , and organic solvent precipitation with methanol [48, 51, 52] or acetonitrile [31, 53] . Further cleanup following the derivatization of Hcy and related compounds may be required, such as a liquid-liquid extraction [45] or a solid-phase extraction [54] .
UV/Vis detection
HPLC-UV/Vis is the most commonly used detection method due to the simple and relatively inexpensive instrumentation required. However, Hcy and related compounds have low absorbance and are present in biological samples in low amounts, which precludes their direct analysis by HPLC-UV/Vis. As mentioned above, this is addressed by derivatization using reagents such as those shown in Figure 2 . The halopyridine-type derivatization reagents 2-chloro-1-methylquinolium tetrafluoroborate (CMQT) [27, 39, 40], 2-chloro-1-methyllepidinium tetrafluoroborate (CMLT) [6, 30] , and 1-benzyl-2-chloropyridinium bromide (BCPB) [26] react with Hcy and related compounds to form stable S-quinolinium or S-pyridinium derivatives with intense UV . The analytes were separated within 7 min and monitored by absorbance at 355 nm. The limits of detection (LODs) at a signal-to-noise (S/N) ratio of 3 ranged from 0.05 to 0.12 μmol/L. The authors showed a good positive correlation between the concentrations of the analytes in plasma and saliva and suggested that saliva is an alternative to plasma for the quantification of Hcy and related compounds.
Several unique types of derivatization reagents have been reported. 4-Chloro-3,5-dinitrobenzotrifluoride (CNBF) has an activated halide leaving group that can be easily replaced by a thiol group, leading to the formation of a stable thioether with increased absorbance at 230 nm [32] . Using this approach allowed the quantification of Hcy, Cys, CysGly, and GSH in human plasma, urine, and saliva, with LODs of 0.04-0.08 μmol/L. 5,5′-Dithiobis-2-nitrobenzoic acid (DNTP), which utilizes the sulfhydryl-disulfide exchange reaction, has been used for quantifying Hcy, Cys, CysGly, and GSH [43, 47] . Ebselen, a Se-containing derivatization reagent that reacts with the sulfhydryl group, was used for the determination of Hcy and Cys in human serum [55] . The absorbance at 254 nm of the derivatives was monitored, and separation was complete within 11 min. The derivatives could also be determined sensitively by inductively coupled plasma mass spectrometry, with an LOD of 9.6 nmol/L.
Fluorescence detection
Derivatization allows the sensitive determination of Hcy and related compounds in biological samples by FL detection. Many appropriate derivatization reagents have been developed, and representative compounds cited in this section are shown in Figure 3 .
Halogenobenzofurazans are often used for the determination of Hcy and related compounds, with ammonium 7-fluoro-2,1,3-benzoxadiazole-4-sulfonate (SBD-F) being most commonly used. SBD derivatives are detected by FL using 385 and 515 nm for λ ex and λ em , respectively. Hcy, Cys, CysGly, and GSH are isocratically separated within 6 min [28]. The use of HPLC-FL under hydrophilic interaction chromatography (HILIC) conditions allows the separation of Hcy, NAC, CA, Cys, CysGly, GSH, and GluCys within 10 min. The LODs were 0.02-3.4 nmol/L at an S/N ratio of 3 [56] . The SBD-F is the standard against which newly developed methods are compared. The HPLC-FL method with SBD-F showed a good correlation with the results obtained using a bodipy-based fluorescence sensor for the determination of Hcy, Cys, and GSH in human serum [53] . In a clinical study, Hcy levels in patients with pulmonary hypertension [57] , type 2 diabetes [58] , and ulcerative colitis [59] were determined by HPLC-FL with SBD-F. A validated HPLC method for the routine determination of Hcy, Cys, and CA was developed [25] and applied to several hundred plasma samples. The results were used to examine the utility of carotid intima-media thickness [9] and cardio-ankle vascular index [8] as screening tools for atherosclerosis in the Japanese population. Recently, Cevasco et al. developed ammonium 5-bromo-7-fluorobenzo-2-oxa-1,3-diazol-4-sulphonate (SBD-BF) as a reagent with improved reactivity to Hcy and related compounds [37] . The reaction of SBD-BF with these substrates at room temperature is about three times faster than with SBD-F at 60°C, and Hcy, Cys, GSH, and CysGly in plasma were determined, with LODs of 0.05-20 μmol/L. 4-Fluoro-7aminosulfonylbenzofurazan (ABD-F), another halogenobenzofurazan, was used for the determination of Hcy, Cys, GSH, and CysGly in cell culture medium [35] and plasma, urine, saliva, and cerebrospinal fluid [60] . The derivatization of these substrates was complete after 10 min at 35 or 50°C under alkaline conditions. FL of the ABD derivatives at around 390 and 510 nm for λ ex and λ em allowed sensitive determination, with LOQs of 0.1-0.5 μmol/L. Another halogenobenzofurazan, 4-(N,N-dimethylaminosulfonyl)-7-fluoro-2,1,3-benzoxadiazole (DBD-F), reacts with the thiol and amino groups in Hcy and related compounds, allowing the simultaneous determination of Hcy, Cys, and Met by HPLC-FL detection and thus may be suitable for screening for homocystinuria, an inborn error of sulfur metabolism. The DBD-derivatives were separated within 15 min and quantified sensitively (0.04-0.14 μmol/L). The method was applied to maternal plasma after delivery [46] and dried blood spots from newborns [45] .
o-Phthalaldehyde (OPA) is another representative derivatization reagent for Hcy and related compounds and can be used for pre-or post-column derivatization methods. Recently, Jakubowski and coresearchers developed several HPLC-FL detection methods combined with on-column derivatization for Hcy in urine [38] , Hcy and Met in plasma and urine [29] ,
and Hcy-thiolactone, S-linked Hcy, and N-linked Hcy in urine [61] , plasma [36] , and milk [44] . Hcy and related compounds spiked with NAC were injected and separated on a reversedphase column, using OPA in a NaOH aqueous solution/CH 3 CN mixture as the mobile phase.
The fluorescence of the OPA-Hcy or OPA-Hcy-thiolactone derivatives generated during separation was monitored using 370 and 480 nm for λ ex and λ em , respectively. The LOQs for Hcy and Hcy-thiolactone were 25 [38] and 20 nmol/L [36] , respectively. Difluoroboraindacene (BODIPY) is an intense fluorogenic and stable compound, and several derivatives were recently synthesized as useful fluorescence derivatizing reagents for Hcy and related compounds. 1,3,5,7-Tetramethyl-8-bromomethyl-difluoroboradiaza-s-indacene (TMMB-Br) was used for the determination of Hcy, Cys, NAC, and GSH in human plasma [41] . The LODs ranged from 0.2 to 0.8 nmol/L by monitoring FL using 505 and 525 nm for λ ex and λ em . Furthermore, 1,3,5,7-tetramethyl-8-phenyl-(4-iodoacetamido)difluoroboradiaza-sindacene (TMPAB-I) was developed for quantifying Hcy, Cys, NAC, GSH, coenzyme A [62] , and 6-mercaptopurine, and 1,7-dimethyl-3,5-distyryl-8-phenyl-(4′-iodoacetamido) difluoroboradiaza-s-indacene (DMDSPAB-I) was developed for quantifying Hcy, Cys, NAC, GSH, CysGly, and penicillamine [63] . The excitation and emission wavelengths of DMDSPAB-I are very long (620 and 630 nm, respectively), which is useful for FL detection, allowing a high quantum yield of 0.557 and LODs ranging from 0.24 to 0.72 nmol/L for the substrates.
The N-substituted maleimide-type FL derivatization reagents N-(1-pyrenyl)maleimide (NPM)
[31] and N-(2-acridonyl)-maleimide (MIAC) [50] were used. Among them, NPM has been applied to quantifying Hcy, Cys, CysGly, and GSH in plasma from healthy controls and uremic patients. The concentrations of the total, free, and reduced forms of Hcy, Cys, and CysGly in patients were higher than those in healthy controls, while the concentrations of the three forms of GSH were lower in the healthy controls.
A novel post-column resonance light scattering (RLS) detection method combined with HPLC was developed for quantifying Hcy and Cys in human urine [34] . Fluorosurfactantcapped gold nanoparticles (AuNPs) were used as a post-column RLS reagent. The detection principle was based on the enhanced RLS intensity of AuNPs upon the addition of Hcy or Cys (at λ ex = λ em = 560 nm).
Chemiluminescence detection
Recently, MeDermott et al. reported an HPLC-CL detection method using manganese (IV) as a post-column reagent [64] . Thiols or disulfides reacted with manganese (IV) emit red light with a maximum of 735 nm. Hcy-related compounds, including Cys, NAC, GSH, GSSG, CysCys, and HcyHcy, were determined with a single chromatographic separation. The LODs for the compounds ranged from 5 × 10 −8 M to 1 × 10 −7 M. This method, with simple sample pretreatment involving deproteinization, was applied to the determination of GSH and GSSG in the whole blood.
An HPLC-CL detection method using fluorosurfactant-prepared triangular gold nanoparticles (AuNPs) as a post-column CL reagent was developed for the determination of aminothiols [65] . The triangular AuNPs were generated by trisodium citrate reduction of HAuCl 4 in the presence of nonionic fluorosurfactant (such as zonyl FSN-100) and act as a catalyst for the luminol-H 2 O 2 CL system. The reduced aminothiols decrease the CL intensity of the triangular AuNPs-luminol-H 2 O 2 system. After the reduction of thiols by TCEP and deproteinization with HClO 4 , Hcy, Cys, GSH, CysGly, and GluCys in human plasma and urine were separated by HPLC and then mixed with the AuNPs-luminol-H 2 O 2 system. The LODs ranged from 0.016 to 0.1 pmol at S/N = 3. Furthermore, an automated system involving online reduction using a quartz column packed with the Zn(II)-TCEP complex was developed for quantifying Hcy, HcyHcy, Cys, CysCys, CysGly, GSH, and GluCys [49] . The seven compounds in human plasma and urine could be determined, with LODs in the range of 8.3-25.4 nmol/L.
Electrochemical detection
ECD methods are suitable for the detection of Hcy and related compounds due to the electrochemical activity of these compounds, allowing thiols to be directly detected without derivatization. This detection method is frequently used because of the simplicity, inexpensiveness, and sensitivity of the instruments and the approach. Furthermore, the disulfide compound can be detected without cleavage of the disulfide bond.
Khan et al. reported an HPLC-ECD method for the simultaneous determination of Hcy, Met, Cys, CysCys, GSH, GSSH, NAC, and ascorbic acid (ASA) in human plasma and erythrocytes using dopamine as an internal standard (IS) [66] . The analytes were extracted from the biological fluids by simple liquid-liquid extraction. The nine compounds and the IS were separated within 25 min, and their LODs ranged from 0.6 to 25 ng/mL at an S/N ratio of 3. Furthermore, an ion-pairing reversed-phase-HPLC-ECD method was reported [67] in which total Cys, Hcy, and GSH were reduced by TCEP, and Met and ASA in human plasma and blood cell were determined with LODs of 60-80 pg/mL in a total analysis time of 20 min. More recently, Hannan et al. reported an HPLC-ECD method for nine compounds and malondialdehyde in rabbit serum [68] , allowing the endogenous antioxidant capacity and lipid peroxidation level to be monitored simultaneously.
Lehotay's research group reported a two-dimensional HPLC-ECD method for determination of the enantiomers of Hcy, Cys, and Met using a combination of ODS and teicoplanin aglycone columns [69, 70] . The chiral separation of Hcy, Cys, and Met enantiomers was realized in a single 130 min analytical run. The d-enantiomers were more strongly retained by the chiral selector than the l-enantiomers, and the LODs of the method ranged from 0.05 to 0.5 μg/mL. As a clinical application, the amino acid enantiomers in the serum of healthy volunteers and multiple sclerosis patients were determined. The d-enantiomers of the amino acids were not detected in all samples, but the total l-Met levels in the patients were significantly higher than those in the healthy subjects. An improved method using a teicoplanin aglycone column separated the enantiomers using an ion-pairing reversed-phase mode and a low column temperature [71] .
Mass spectrometry or tandem mass spectrometry detection
HPLC-MS and HPLC-MS/MS are characterized by high sensitivity and rapid separation which enables the efficient and accurate analysis of biological samples. Recently, several methods for the direct or indirect (with derivatization) determination of Hcy and related compounds have been developed.
Direct analysis
Several HPLC-ESI-MS or HPLC-MS/MS methods for determination of the total Hcy concentration in a blood sample (plasma or serum) have been developed. Hcy was reduced with suitable reagents; then sample preparation was completed with a simple deproteinization step [48, 52] . Wang et al. reported a method for the sensitive determination of compounds related to Hcy metabolism, such as Hcy, Met, SAM, SAH, Cysta, FA, THF, 5-MT, 5-FT, serine, and histidine in human serum [72] , with LODs of 0.05-1 ng/mL. Using this method, 96 serum samples comprising 46 neural tube defect cases and 50 controls were analyzed. The results showed that SAH is a risk factor for neural tube defects. Another HPLC-ESI-MS/ MS method for quantifying Hcy, Cys, SAM, SAH, Cysta, Met, GSH, and CysGly in plasma using N-(2-mercaptopropionyl)-glycine as an IS was used to identify biomarkers for diabetic nephropathy [51] .
An HPLC-ESI-MS/MS method for the determination of SAM and SAH in cultures of ovarian cancer cells was developed [13] . LODs of approximately 0.5 ng/mL for both targeted analytes allowed the designed strategy to evaluate the effect of cisplatin on changes in the methylation index between epithelial ovarian cell lines sensitive to (A2780) and resistant to (A2780CIS) to this drug after exposure to cisplatin. In addition, a stable-isotope dilution UPLC-MS/MS method for both compounds has been reported [54] . This method showed high sensitivity (0.5 for SAM and 0.7 nmol/L for SAH) and selectivity, low RSD (less than 3.3 RSD% for intraassays and less than 10.1 RSD% for inter-assays), fast sample preparation (40 samples in 60 min), and a short analysis run time (3 min).
Urinary Hcy sulfonic acid is a biomarker candidate for diseases used in metabolomics approaches and was quantified by HPLC coupled with time-of-flight mass spectrometric detection (-Q-TOF/MS). An increase in Hcy sulfonic acid concentration in the urine of patients with nephrolithiasis was caused by melamine [73] , and a decrease was observed in pregnant patients with intrahepatic cholestasis [74] compared with healthy volunteers.
Derivatization methods
HPLC-MS (or HPLC-MS/MS) detection is often used for the determination of compounds in biological samples, but the sensitivity of this method can be inadequate due to low ionization efficiency of the analyzed specimen. Hcy and related compounds ionize poorly in comparison with other amino acids, and thus the introduction of nucleophilic groups and/or hydrophobic residues into these compounds might be useful. Derivatization reagents used to make the thiol group resistant to oxidation are shown in Figure 4 . N-Ethylmaleimide (NEM) was used for the determination of Hcy in human plasma using an HPLC-MS system. The total and reduced (using DTT) concentrations of Hcy were determined with an LOD of 10 nM. Furthermore, HPLC-Orbitrap MS methods combined with p-(hydroxymercuri)benzoate (PHMB) as an organic mercury derivatization reagent were developed. The levels in yeast of Hcy, Cys, GSH, CysGLy, GluCys, and SAH, reduced using TCEP, were determined [75] . The derivatives could be detected by HPLC-ICP-MS, but the LODs (12-128 fmol/injection) and precision for the Orbitrap MS method are higher than those of the HPLC-ICP-MS method (440-1100 fmol/injection) [17] . Thirty-six amino acids, including Hcy, Met, Hcy-Cys disulfide, Cys, Met-sulfone, Met-sulfoxide, HcyHcy, and CysCys, were determined after post-column derivatization with ninhydrin [76] . The derivatized amino acids were separated on a hydrophilic interaction liquid chromatography column with an analysis time of 18 min and LODs of 0.1 μmol/L. As a clinical application, 97 plasma samples were analyzed for inborn errors of amino acid metabolism. An
Non-Proteinogenic Amino Acids 20 increase or decrease in metabolites was identified in 95 of the samples, providing a clinical sensitivity of 97.9%.
Conclusions
HPLC methods coupled with various detection methods reported over the past decade were reviewed, focusing on their application for the determination of Hcy and related compounds. FL detection methods combined with novel or traditional derivatization reagents remain important for clinical studies. Also, UV/Vis and ECD are powerful, highly sensitive methods for analyzing biological samples. MS and MS/MS detection are powerful tools for identifying biomarkers of disease using a metabolomics approach. Further development of methods in the next decade by analytical researchers is anticipated. 
